Parkinson's disease (PD) is associated with the formation of ␣-synuclein amyloid fibrils. Elucidating the role of these ␤-sheet-rich fibrils in disease progression is crucial; however, collecting detailed structural information on amyloids is inherently difficult because of their insoluble, non-crystalline, and polymorphic nature. Here, we show that Raman spectroscopy is a facile technique for characterizing structural features of ␣-synuclein fibrils. Combining Raman spectroscopy with aggregation kinetics and transmission electron microscopy, we examined the effects of pH and ionic strength as well as four PD-related mutations (A30P, E46K, G51D, and A53T) on ␣-synuclein fibrils. Raman spectral differences were observed in the amide-I, amide-III, and fingerprint regions, indicating that secondary structure and tertiary contacts are influenced by pH and to a lesser extent by NaCl. Faster aggregation times appear to facilitate unique fibril structure as determined by the highly reproducible amide-I band widths, linking aggregation propensity and fibril polymorphism. Importantly, Raman spectroscopy revealed molecular-level perturbations of fibril conformation by the PD-related mutations that are not apparent through transmission electron microscopy or limited proteolysis. The amide-III band was found to be particularly sensitive, with G51D exhibiting the most distinctive features, followed by A53T and E46K. Relating to a cellular environment, our data would suggest that fibril polymorphs can be formed in different cellular compartments and potentially result in distinct phenotypes. Our work sets a foundation toward future cellular Raman studies of amyloids.
Parkinson's disease (PD) 2 is a chronic and progressive movement disorder, with symptoms of resting tremor, slowness of movement, rigidity of limbs, and impaired balance that continue to develop and worsen over time. These debilitating symptoms are caused by the death of dopamine-producing cells in the substantia nigra region of the brain (1, 2) , but the mechanism responsible for cell death is not known. A diagnostic hallmark of PD in patient brain tissue is the presence of Lewy bodies, cellular inclusions composed of ␣-synuclein (␣-syn) amyloid fibrils (3) .
Although most instances of PD are sporadic, genetic factors are known to play important roles in PD etiology, and the cytosolic accumulation of insoluble ␣-syn fibrils is a common feature for both sporadic and familial PD (4) . Currently, six missense mutations (A30P, E46K, H50Q, G51D, A53T, and A53E) in the SNCA gene that encodes ␣-syn, as well as gene duplication and triplication, are known to cause early-onset PD (5, 6) . Individuals with any one of these point mutations generally experience rapid disease progression (5) , and in vitro studies have shown missense mutations of ␣-syn affect the rate of ␣-syn aggregation (7) (8) (9) (10) (11) (12) (13) (14) , suggesting that amyloid formation kinetics play an important role in disease development.
Experimental observations suggest that conformational changes in ␣-syn can dictate pathology and are important in disease pathways (15) (16) (17) . Studies using in vitro and in vivo models show that aggregation and accumulation of ␣-syn can have harmful consequences for many cellular processes (6, 18) . Moreover, treatments with ␣-syn fibrils have also been shown to be toxic to cells (19) . For these reasons, there is great interest in structurally characterizing amyloid fibrils and understanding the molecular mechanisms that lead to cell death and disease (20) .
In solution, ␣-syn is intrinsically disordered (21) but spontaneously aggregates to form fibrils in vitro that resemble fibrils isolated from patients (22) . In this fibrillar form, ␣-syn is assembled into well-ordered ␤-sheets, with ␤-strands running perpendicular to the fibril axis and hydrogen bonds between ␤-strands running parallel to the fibril axis ( Fig. 1A) (3, 7, 23) . This distinctive pattern is referred to as "cross-␤" and has been observed in X-ray diffraction patterns of full-length ␣-syn fibrils (24) . Site-directed spin labeling and electron paramagnetic resonance spectroscopy have shown that ␣-syn ␤-strands are parallel in-register, with side chains of the amino acids aligning on top of equivalent sites in neighboring ␣-syn monomers (25) .
The insoluble, non-crystalline nature of ␣-syn fibrils excludes the use of many traditional methods for structural characterization. The best structural models currently available have utilized electron diffraction, solid-state NMR, and cryo-EM techniques (23, 26, 27) , but because of the polymorphic nature of ␣-syn fibrils, other structures are possible and remain to be determined (27) (28) (29) . Recently, polymorph-dependent synucleinopathies and toxicity have been observed in animal models (30) , highlighting the role fibril polymorphism may play in PD development and clinically observed phenotypes.
For basic identification of amyloid, there are several characterization techniques used, such as transmission electron and atomic force microscopy, to evaluate macroscopic feature of non-branching fibrillar structures, positive staining with amyloid-specific small molecules like Congo Red and thioflavin T (ThT), CD or infrared spectroscopy to quantify ␤-sheet signatures, and limited proteolysis to identify the amyloid core region (31) (32) (33) (34) (35) . Although broadly used, these techniques lack sensitivity to detect structural differences in fibril polymorphs. Thus far, only more sophisticated and time-intensive approaches have been successful in revealing molecularly distinct polymorphs such as solid-state NMR and cryo-EM (27, 29) . Unfortunately, the preparation of fibril material for these experiments can be costly, and the necessary instruments are not widely accessible (23, 36) .
In this work, we have employed Raman spectroscopy as a robust technique to obtain structural insights into ␣-syn amyloid fibrils. The flexibility of Raman instrumentation allows us to easily collect spectroscopic signals for both soluble ␣-syn monomers and insoluble aggregated amyloid fibrils by using the amide-I band and the full fingerprint region of the spectrum. Because we are measuring intrinsic molecular vibrations, this method directly reports on amyloid structure, without need of additional probes or pretreatment of the sample. The technique is fast, nondestructive, requires minimal sample amounts (Ͻ10 l of ϳ15 M protein fibrils in solution), and can be done in water, an important solvent for modeling physiological conditions (37, 38) .
Despite these advantages, Raman spectroscopy has been relatively under-utilized compared with other techniques for characterizing amyloids (39, 40) . Prior Raman studies on ␣-syn have been particularly limited. Two investigations have studied soluble ␣-syn in organic solvents (41, 42) and a third reported the Raman spectrum of WT ␣-syn fibrils, with analysis of the amide-I band (43) . Here, we use Raman spectroscopy to probe A, representative schematic of Raman excitation of parallel in-register amyloid structure adopted by ␣-syn. Hydrogen bonds are indicated by red dashed lines. Scale bar, 100 nm. B, comparison of Raman spectra of WT-␣-syn (500 M) before (black) and after (cyan) 4 h incubation at 37°C in pH 5 buffer (10 mM NaOAc, 100 mM NaCl). The spectra were collected at room temperature and normalized to Phe band at 1003 cm Ϫ1 .
Raman study of ␣-synuclein fibrils ␣-syn fibril polymorphism and investigate its relationship to aggregation propensity, an issue not yet addressed by Raman spectroscopy. Specifically, we report on structural details of WT ␣-syn amyloid fibrils prepared under several solution conditions: pH 5 versus 7.4 to compare characteristic pH of the acidic lysosome to the neutral cytosol and low versus high ionic strengths, which is known to cause ␣-syn fibril polymorphism. Importantly, we carried out a detailed comparison of four PD-related missense mutations (A30P, E46K, G51D, and A53T) by combining Raman spectroscopy and aggregation kinetics, along with complementary transmission electron microscopy (TEM) and limited proteolysis. We carefully consider the amide-I, amide-II, and amide-III regions to reveal secondary structure differences, as well as the CH deformation stretching region of the spectrum to gain insight into fibril structure.
Results

Observing amyloid formation by Raman spectroscopy
Upon aggregation of WT-␣-syn, we observe a clear narrowing of the amide-I band, which arises from the CϭO stretch of the peptide backbone and has an intensity maximum at 1667 cm Ϫ1 (Fig. 1B, cyan trace) . The width and position of this band indicate ␤-sheet secondary structure consistent with the formation of amyloid as previously observed (37) . The amide-III peak maximum, which is the result of a coupled C-N stretch and N-H bend, shifts from 1245 to 1228 cm Ϫ1 , also corroborating the formation of ␤-sheet structure. Bands arising from side-chain vibrations (e.g. CO 2 Ϫ symmetric stretch near 1401 cm Ϫ1 and CH 2 CH 3 deformations near 1450 cm Ϫ1 ) are very similar in both the soluble and aggregated forms. A new band for aggregated ␣-syn appears with a maximum at 1556 cm Ϫ1 , whereas the band is absent for soluble ␣-syn (expanded view shown in Fig. S1 ). This band falls in the expected region for amide-II frequencies. The amide-II band arises from an out-ofphase combination of C-N stretching and N-H bending along the peptide backbone but is generally considered a weak vibration only observable under resonant excitation (39) .
␣-Synuclein amyloid formation kinetics are modulated by pH and ionic strength
ThT is a small molecule dye that becomes highly emissive upon binding to amyloid fibrils and is widely used to monitor amyloid formation (32, 44, 45) . Typical in vitro aggregation kinetics exhibit a characteristic sigmoidal curve with an initial lag phase where little amyloid is formed, followed by a rapid growth phase during which many fibrils are formed, and ending with a saturation phase where fibril growth is at equilibrium. Monitoring the aggregation kinetics of ␣-syn by ThT emission shows that amyloid formation is dramatically different under neutral and acidic solution conditions ( Fig. 2 ). Under acidic conditions, the large net negative charge of ␣-syn is neutralized (46) , making it much more prone to aggregation ( Fig. 2 , red traces). From Table 1 , ␣-syn rapidly forms amyloid in the absence of NaCl within our first measurement time point of 0.5 h and a t1 ⁄ 2 (the time required to reach half the maximum emission intensity) of 2.1 Ϯ 0.6 h (n ϭ 5). In the presence of 100 mM NaCl, ␣-syn aggregation is delayed slightly with a lag time (t lag ) of 1.4 Ϯ 0.2 h with a comparable growth phase and a t1 ⁄ 2 of 2.7 Ϯ 0.4 h (n ϭ 5). These differences in lag times can be discerned in Fig. 2B . Contrastingly, the kinetics at pH 7.4 are markedly slower. In the absence of NaCl, ␣-syn exhibits a longer and more variable t lag of 36 Ϯ 13 h with a protracted t1 ⁄ 2 to 66 Ϯ 8 h (n ϭ 5). With the addition of 100 mM NaCl, ␣-syn aggregation is hastened (t lag of 21.0 Ϯ 4.7 h and t1 ⁄ 2 of 47.0 Ϯ 3.6 h, n ϭ 5).
Effect of pH on ␣-synuclein fibril structure
To investigate whether there are structural differences that correlate with the observed kinetic differences, we utilized Raman spectroscopy to gain a molecular "fingerprint" of each fibril sample. Fig. 3A compares the Raman spectra of fibrils formed at pH 5 (red) and pH 7.4 (blue) under high salt concentrations (100 mM NaCl). Intensity differences can be observed for the amide-I (1667 cm Ϫ1 ), amide-III (1229 and 1275 cm Ϫ1 ), CH deformation stretches (1316 and 1342 cm Ϫ1 ), CO 2
Ϫ symmetric stretch (1402 cm Ϫ1 ), and CH 2 CH 3 deformation stretches (1448 cm Ϫ1 ), whereas the amide-II band at 1556 cm Ϫ1 is very similar for both fibrils (band assignments from Refs. 41, 47, and 48)).
We chose second derivative analysis to objectively identify changes from positive to negative slope, enabling characteristic Raman study of ␣-synuclein fibrils spectral component differences in the vibrational bands to be precisely located ( Fig. 3 , B and C). From this analysis, the negative maximum of the second derivative identifies the maximum intensity frequency for a spectral region. Here, we closely consider the amide-III (1220 -1240 cm Ϫ1 ; Fig. 3B ) and amide-I (1650 -1690 cm Ϫ1 ; Fig. 3C ) regions. We observe that for pH 5 fibrils the amide-III band is shifted to higher energies, whereas the amide-I is shifted to lower energies. Both pH 5 fibril peaks are well-resolved from the peak of fibrils formed at pH 7.4. We can also see that fibrils formed at pH 7.4 have a slightly higher intensity in the amide-I band (Fig. 3A) . Collectively, these differences indicate distinct secondary structure (amide bands) and tertiary contacts by aliphatic side chains (carboxylate and deformation stretches) for the two fibril types. TEM images show that the fibrils are also morphologically distinct (Fig. 3 , D and E). At neutral pH ( Fig. 3D) , fibrils appear to be formed by a pair of twisted protofibrils (protofibril is defined here as the narrowest observed fibrillar structure by TEM). At acidic pH ( Fig. 3E ), fibrils formed are shorter and have many lateral associations, which appear to be from bundling of several protofibrils.
Effect of solution ionic strength on ␣-synuclein fibril structure
When WT-␣-syn is aggregated at pH 7.4 (10 mM NaP i ) under conditions of high (100 mM NaCl) or low (0 mM NaCl) ionic strength, we again observe a narrow amide-I peak at 1667 cm Ϫ1 (Fig. 4A ). Here, more subtle differences are observed in the Raman spectra. The second derivatives of amide-III region indicate some secondary structure differences (Fig. 4B) , whereas the amide-I region shows little change (Fig. 4C ). TEM images show at high ionic strength (100 mM NaCl), and the fibrils formed appear as a pair of twisted protofibrils (Fig. 4D ), whereas at low ionic strength (0 mM NaCl), the fibrils appear as much shorter and laterally associated fragments ( Fig. 4E ), much like those fibrils formed at pH 5. A, Raman spectra of WT-␣-syn fibrils (100 M) formed at pH 7.4 in the presence (blue) and absence (green) of 100 mM NaCl. The spectra were collected at room temperature and normalized to Phe band at 1003 cm Ϫ1 . B, second derivative analysis of amide-III region. C, second derivative analysis of amide-I region. D and E, representative negatively stained TEM images of WT-␣-syn fibrils formed at 100 mM NaCl (D) and 0 mM NaCl (E).
Raman study of ␣-synuclein fibrils Correlating amide-I band to aggregation propensity
Our Raman data show that the amide-I band of ␣-syn is sensitive to underlying molecular differences in the amyloid fibrils formed under different solution conditions, which were corroborated by TEM. Thus, we postulated that the reproducibility of the amide-I band could be indicative of unique molecular structures. Fig. 5 shows individual data sets for independently prepared fibril samples aggregated at pH 5 in the absence (n ϭ 10) and presence (n ϭ 11) of 100 mM NaCl and at pH 7.4 in the absence (n ϭ 12) and presence (n ϭ 13) of 100 mM NaCl. The mean spectrum of each data set is also shown (black curve).
Fibrils were formed at a variety of protein concentrations (15-990 M) and in several different vessels (Eppendorf tubes and 96-well microplates, with or without glass beads) to test the reproducibility of the amide-I band widths and the dependence on aggregation conditions. In this comparison, data have been normalized to the amide-I band to discern reproducibility of the band shape, because this should inform on the distribution of molecular conformations adopted by the protein.
Interestingly, it appears that under solution conditions that promote faster aggregation kinetics ( Fig. 2A) , the amide-I band is highly reproducible, regardless of the protein concentration or aggregation vessel. Fibrils formed at pH 5 and low ionic strength (0 mM NaCl) consistently aggregate the fastest (Fig.  2B) and yield an amide-I band centered at 1667 cm Ϫ1 with an average FWHM of 20 cm Ϫ1 (Fig. 5A) . Fibrils formed at pH 7.4 and low ionic strength, however, aggregate the slowest and yield a broader amide-I band (Fig. 5C ). The variability of the amide-I band may suggest that under slow aggregation conditions (pH 7.4, low ionic strength), ␣-syn can sample more conformations, leading to a distribution of polymorphs. Under conditions that encourage fast aggregation (pH 5, low ionic strength), however, the protein forms strong interactions that cannot be overcome and therefore adopts a more uniform secondary structure.
Revealing fibril conformational differences in PD-related ␣-syn mutants
Several missense mutations of ␣-syn that are linked to familial early-onset PD are known to affect the rate of ␣-syn aggregation and fibril formation in vitro (7) (8) (9) 49) . Individuals with specific mutations experience unique symptoms and disease onset at different ages (4), suggesting a link between aggregation kinetics and disease etiology. A clear understanding of the relationship between mutant fibril structures and disease progression, however, has not yet been achieved. Therefore, we sought to characterize fibrils formed by four disease-related ␣-syn mutants (A30P, E46K, G51D, and A53T) by Raman spectroscopy to reveal mutant-dependent structural features.
Aggregation kinetics experiments (Fig. 6B) were performed, and mutations modulated aggregation times to varying degrees (9, (11) (12) (13) (14) . At pH 5, A53T, E46K, and G51D are significantly faster than WT-␣-syn, whereas amyloid formation is delayed for A30P (Table 2 ). TEM images of WT and disease-related mutant ␣-syn fibrils were collected and revealed no major differences in fibril morphologies (Fig. S2 ). Further, cathepsin L (CtsL) limited-proteolysis experiments (34) revealed a common protease-resistant core, composed of residues 28 -114 for all mutants and WT ␣-syn ( Fig. 6A and Table S1 ). Raman spectra were then collected and revealed distinct structural features for each ␣-syn mutant, which were not apparent through TEM nor limited proteolysis.
Several criteria were considered for distinguishing differences in WT and mutant Raman spectra. First, observable peak maximum and spectral width (Fig. 6C ). Next, second derivative analysis was done to determine spectral components and peak shifts (Fig. 6, D and E) . Finally, we examined relative peak intensity ratios to assess relative vibrational strengths (Table S2 ).
Figure 5. Consistency and reproducibility of amide-I peak for WT-␣-syn.
Samples were aggregated at several protein concentrations in a variety of aggregation vessels at pH 5 in the absence (A, n ϭ 10) and presence (B, n ϭ 11) of 100 mM NaCl and at pH 7.4 in the absence (C, n ϭ 12) and presence (D, n ϭ 13) of 100 mM NaCl. Individual spectra are plotted as colored curves, with mean curve of the distribution plotted in black. The data are normalized to the amide-I peak at 1667 cm Ϫ1 .
Raman study of ␣-synuclein fibrils
From these comparisons, we observe several differences in the fingerprint region of the spectra (Fig. 6C and Fig. S3 ).
From second derivative analysis, it is clear the position and peak width of the amide-III peak (maximum at 1231 cm Ϫ1 ) are significantly different across the mutants (Fig. 6D ). Most noticeably, G51D and E46K both have significantly shifted peaks to lower energies. Second derivative analysis also shows that mutant amide-III peaks near 1275 cm Ϫ1 have unique profiles when compared with WT-␣-syn (Fig. S3 ). The peak near 1275 cm Ϫ1 is more prominent for A30P, G51D, and WT and is shifted to lower energies for A53T and E46K. The small shoulder near 1284 cm Ϫ1 is more defined for A30P, E46K and WT and broadened for A53T and G51D. For E46K, the ratio of these peaks is close to 1, splitting the band into two nearly equal intensity peaks. G51D has the strongest relative intensity at 1275 cm Ϫ1 in the series (Table S2 ). Differences in peak ratios for the CH deformations (1316 and 1340 cm Ϫ1 ) are also observed, with G51D having the weakest relative intensity at 1316 cm Ϫ1 (Table S2 ). Second derivative analysis of the amide-I band (Fig. 6E ) reveals slight differences in peak maxima and widths across the mutants, as well as in the higher energy feature (ϳ1675 cm Ϫ1 ) for A30P and A53T. Taken together, these spectroscopic features indicate molecular differences in fibril structure of the individual mutants both in the overall ␤-sheet content of the fibrils and in the side chain packing within the fibril structure.
Discussion
In our work, we use spontaneous Raman spectroscopy, a relatively simple experiment with low excitation powers, to gain insight into structural features of ␣-syn fibrils. In the soluble form, we observe a broad amide-I band for ␣-syn, indicating an initial disordered conformation. Upon aggregation, the amide-I band dramatically narrows, indicating ␤-sheet structure and amyloid formation. Unique amide-I band widths and differences in the fingerprint region were observed for ␣-syn fibrils formed under different solution conditions, which we attribute to fibril polymorphism. One cause of fibril polymorphism is thought to result from different numbers of associated protofibrils (27) , which involves side-chain packing, influencing sidechain environments, and could result in distinct molecular interactions. This is supported by the macroscopic differences in the fibrils visualized by TEM.
Unexpectedly, we also observe the amide-II band for ␣-syn amyloid (Fig. S1) , which is typically only seen when the excitation light is in resonance with the amide bond. We hypothesize that the distinct alignment of parallel, in-register ␤-sheets in amyloid fibrils strengthens this frequency through vibrational coupling (orienting the C-N peptide bonds along the fibril growth axis; Fig. 1A ) and allows its observation outside resonance excitation. Similar amide-II bands have been assigned for Raman optical activity spectra of prion proteins for unusually flat ␤-sheets (50) .
Additionally, we found that as the propensity for aggregation increases (enhanced fibril formation kinetics observed by ThT either by lowering the pH or increasing ionic strength), the amide-I band of the Raman spectra is more reproducible, suggesting consistent formation of the same fibril structure and offering a new understanding of ␣-syn aggregation kinetics. Specifically, faster aggregation times appear to facilitate the formation of unique fibril structure, whereas the longer it takes for Figure 6 . Aggregation kinetics and Raman spectra of PD-related mutants. A, primary sequence of WT-␣-syn indicating the locations of PD-related mutations (A30P, E46K, G51D, and A53T) studied here and the common CtsL-resistant amyloid core (residues 28 -114). B, comparison of aggregation kinetics (average of n ϭ 10) of PD-related mutants to WT-␣-syn (40 M, 50 mM NaOAc, 20 mM NaCl, pH 5, 37°C). Mutants are color-coded as in A. C, Raman spectra of fibrils formed from WT and disease-related mutants of ␣-syn (40 M, 10 mM NaOAc, 100 mM NaCl, pH 5, 37°C). The spectra were collected at room temperature and normalized to Phe band at 1003 cm Ϫ1 . Mutants are color-coded as in A. Dashed lines are drawn as reference guides. The region between 1490 cm Ϫ1 and 1650 cm Ϫ1 is not shown, and the spectra are stacked for clarity. D, second derivative analysis of amide-III region. E, second derivative analysis of amide-I region. The spectra are overlaid for easy comparison of peak shifts. Raman study of ␣-synuclein fibrils ␣-syn to aggregate, more polymorphs are populated, as indicated by broader amide-I bands. Finally, differences observed in the Raman spectra of WT-␣syn and the four disease-related mutants further support the utility of spontaneous Raman spectroscopy as a powerful method for monitoring unique ␣-syn structural features. Although limited-proteolysis experiments showed indistinguishable amyloid cores across the four mutants and WT-␣syn, our Raman data revealed mutant-dependent spectra that indicate molecular differences in fibril conformations. Previous work has also suggested that mutations in ␣-syn can perturb fibril structure, although these studies were performed at neutral pH. Rienstra and co-workers (51) have shown that E46K and A53T mutations have measurable structural perturbations, whereas A30P does not, because of their respective positions in ␤-strands and in a loop region. Further, based on their recent NMR structural model of WT ␣-syn fibrils (23), the disruption of a salt bridge between Glu-46 and Lys-80 would likely change the E46K mutant fibril structure compared with the WT protein. Additionally, the atomic structure of an 11-residue segment of ␣-syn by Eisenberg and co-workers (26) suggests that the A53T mutation would influence side-chain packing and lead to a more stable ␤-sheet interface.
To our knowledge, our Raman study is the first to be reported for PD-related ␣-syn mutant fibrils. Further, unlike most Raman studies that focus on the amide-I band as a secondary structure reporter, we find that the amide-III region is particularly informative and sensitive to features of all four PD-related mutants. Interestingly, our data suggest that A30P, like the E46K and A53T fibrils, are altered from the WT fibrils. However, conformational differences for A30P were only seen in the amide-III band (Fig. 6C) and not in the CH deformation bands. This is in contrast for E46K, G51D, and A53T mutants, where differences were seen in both regions. In addition to alterations to secondary structural content, we interpret our data to indicate that mutations are causing side chain distortions and influencing how the ␤-sheets pack together. The effects seen here with A30P may be specific to the fibril polymorph formed at pH 5, which may not be observable under the different conditions previously studied. Of the four mutants studied, the vibrational spectrum of G51D is most distinct. Collectively, the spectral differences suggest a unique conformation unlike the other fibrils. Based on our proteolysis study on WT fibril degradation (35) , Gly-51 is likely involved in a ␤-turn, and thus, a dramatic mutation to aspartic acid would have a strong impact on the ␤-sheet organization and fibril stability.
To conclude, our work demonstrates that Raman spectroscopy is sensitive to subtle structural differences in ␣-syn fibrils that are important not only for aggregation and amyloid formation but also for disease-related mutations. Within a cellular environment, ␣-syn aggregation could be initiated in different compartments that would be modulated by their characteristic pH such as the neutral cytosol or the acidic lysosome. Our results suggest that fibrils formed in different cellular compartments could indeed be structurally unique because of a pH effect and potentially result in distinct PD phenotypes. ␣-Syn fibril polymorphs have been shown to have significant physiological implications (52) , and therefore the ability to see struc-tural differences through noninvasive, cellular-compatible measurements, like Raman spectroscopy, is valuable. Because amyloid fibrils provide a direct structural link of ␣-syn to PD, this work provides an important step in establishing Raman spectroscopy as useful for detecting fibril structural features. Ultimately, understanding the relationship between amyloid structure and cell health would offer valuable insight for designing therapeutics that could treat disease or avoid its onset.
Experimental procedures
Chemicals
Sodium chloride (Ն99.5%), sodium acetate trihydrate (Ն99.5%), sodium phosphate monobasic (Ն99.0%), sodium phosphate dibasic (Ն99.0%), EDTA (Ն99%), hydrochloric acid (36.5-38%), cyclohexane (anhydrous, 99.8%), PMSF (Ն98.5%), and ThT were purchased from Sigma-Aldrich and used as received. Tris and guanidine hydrochloride were purchased from MP Biomedicals.
Recombinant protein expression, purification, and preparation
Recombinant human WT and mutant (A30P, E46K, G51D, and A53T) ␣-syn were expressed in BL21(DE3) pLysS cells (Invitrogen) and purified as previously described (53) with slight modifications. Cell pellets from a 3-liter culture were first homogenized in 60 ml of pH 8 buffer (100 mM Tris, 300 mM NaCl, 1 mM EDTA, and 100 M PMSF), stirred under N 2 atmosphere for 10 min, and followed by heat treatment in 100°C water bath for 15 min. The soluble fraction was then separated from cell debris by centrifugation (30 min, Sorvall, SS-34 rotor, 18,000 rpm, 4°C), titrated to pH 3.5 using 1 M HCl, and stirred at 4°C for 10 min before a final centrifugation step (30 min, Beckman Coulter, 45Ti rotor, 30,000 rpm, 4°C). The resulting supernatant was dialyzed overnight into low-salt buffer (20 mM Tris, 0.5 mM EDTA, 0.5 mM PMSF, pH 8) and then applied onto a HiPrep 16/10 DEAE FF anionic exchange column (GE Healthcare) and eluted with a linear gradient from 100 -300 mM NaCl in 20 mM Tris buffer (pH 8). All dialysis and chromatography steps were performed at 4°C. Fractions containing protein were determined using UV-visible spectroscopy (⑀ 280 nm ϭ 5120 M Ϫ1 cm Ϫ1 ) and SDS-PAGE on a Pharmacia Phastsystem (Amersham Biosciences) visualized by silverstaining methods. Protein fractions were again dialyzed overnight into low-salt buffer (20 mM Tris, 0.5 mM EDTA, 0.5 mM PMSF, pH 8) and then applied onto a Mono-Q HR 16/10 column (Amersham Biosciences). Protein-containing fractions were determined by UV-visible spectroscopy, and protein purity was confirmed using SDS-PAGE/silver-staining methods and mass spectrometry (NHLBI Biochemistry Core Facility). All purified proteins were concentrated to ϳ200 M using Amicon stirred ultrafiltration cells (molecular mass cutoff, 3 kDa; Millipore), flash frozen in liquid N 2 , and stored at Ϫ80°C until use.
To form fibrils, protein solutions were exchanged into either pH 5 buffer (10 mM NaOAc, 0 mM NaCl, or 100 mM NaCl) or pH 7.4 buffer (10 mM NaP i , 0 mM NaCl, or 100 mM NaCl) using a PD-10 column (GE Healthcare) and filtered (YM100 membranes; Millipore) immediately prior to aggregation to remove Raman study of ␣-synuclein fibrils any preformed aggregates. ␣-Syn was incubated ([␣-syn] ϭ 70 -100 M) in 1.5-ml Eppendorf tubes at 37°C and shaken at 600 rpm (Mini-Micro 980140 shaker; VWR) for 3-10 days.
For aggregation kinetics, ␣-syn was prepared as described above and incubated in sealed, polypropylene 96-well microplates (655261, Greiner Bio-One, [␣-syn] ϭ 100 M, [ThT] ϭ 10 M) or polystyrene 384-well microplates (781185, Greiner Bio-One, [␣-syn] ϭ 40 M), with continuous orbital shaking (1.0 mm) at 37°C using a microplate reader (Tecan Infinite M200 Pro). For ThT fluorescence, the excitation and emission wavelengths were 410 and 480 nm, respectively. For turbidity, the measurement wavelength was 400 nm. All buffers were filtered (0.22 m; Millipore) prior to use.
Raman spectroscopy
Aggregated ␣-syn fibrils were deposited on to the surface of a well in an 8-well #1 coverglass LabTek chamber in a 10 -20-l droplet. All data were collected from fibrils in buffer solution using a home-built Raman microscope at room temperature. Briefly, the 514-nm line of an argon-ion laser (CVI Melles Griot, 35-MAP-431-200) was passed through a clean-up filter (Semrock, LL01-514-25) and then directed into a modified inverted microscope (Olympus IX71). Excitation light (ϳ65 milliwatt at the sample) was directed to the sample using a dichroic mirror (Semrock, LPD01-514RU-25 ϫ 36 -1.1) and a 60ϫ water-immersion objective (Olympus, UPLSAPO60XW). Spontaneous Raman Stokes scattering was collected through the same objective, filtered (Semrock, LP02-514RE-25) to remove any residual excitation light or Rayleigh scattering and then directed into a 320-mm focal length (f/4.1 aperture) imaging spectrometer (Horiba Scientific, iHR 320) through a 50-m slit, dispersed using a 1200 g/mm grating, and collected for 3-5-s acquisitions (ϫ25) with high gain enabled on a liquid-nitrogen-cooled, back-illuminated, deep-depletion CCD array (Horiba Scientific, Symphony II, 1024 ϫ 256 px, 26.6 mm ϫ 6.6 mm, 1 MHz repetition rate). Daily calibration of imaging spectrometer was done using neat cyclohexane (20 l in a sealed capillary tube). Bandpass and accuracy were found to be Ͻ12 cm Ϫ1 and Ϯ1 cm Ϫ1 , respectively. All Raman spectra were corrected by subtracting the buffer background collected under identical conditions, followed by applying a baseline polynomial fit (Lab Spec 5 software). The presented data have not been smoothed or averaged and have been normalized to the Phe band at 1003 cm Ϫ1 . This band represents the breathing mode of the aromatic ring and is not sensitive to conformational changes. Second derivative analysis was performed using IGOR Pro 7 (Wavemetrics).
TEM
Aggregated ␣-syn samples (10 l) were incubated on TEM grids (400-mesh Formvar carbon-coated copper; Electron Microscopy Sciences) for 1-2 min. Sample solution was wicked with filter paper, and the grid was quickly washed with water (10 l) to remove any excess material and improve background contrast. The grids were then incubated with 1% (w/v) aqueous uranyl acetate solution (10 l) for 30 -60 s. Excess uranyl acetate was wicked away with filter paper, and the grids were airdried. TEM images were collected using a JOEL JEM 1200EX TEM (accelerating voltage, 80 keV) equipped with an AMT XR-60 digital camera (NHLBI EM Core Facility).
Determination of protease-resistant amyloid core
In glass vials, mutant (A30P, E46K, G51D, and A53T) and WT ␣-syn (500 l, 30 M) in pH 5 buffer were incubated at 37°C and agitated at 600 rpm for 3 days (Mini-Micro 980140 shaker). Resulting fibrils were treated with either 150, 300, 450, or 600 nM CtsL (Sigma-Aldrich, C6854-25UG) at 37°C. Reactions (50 l) were taken at 24 h and terminated with 2 M guanidine hydrochloride (final concentration). Samples (20 l) were separated using a ZORBAX 300SB-C18 reverse-phase column (2.1 ϫ 50 mm, 3.5 m) on an Agilent 1100 series HPLC (NHLBI Biochemistry Core Facility) coupled to an Agilent G1946D mass selective detector equipped with an electrospray ionization interface (Agilent Technologies). Mass spectra were obtained using positive ion mode. Data were analyzed using LC/mass selective detector ChemStation software (Rev. A.10.02, Agilent Technologies).
Author contributions-J. D. F. built the Raman microscope, expressed/purified proteins, conducted Raman experiments, analyzed the results, collected some of the aggregation and TEM data, and wrote the paper. R. P. M. conducted limited proteolysis, LC-MS analysis, and some of the aggregation and TEM experiments. R. L. W. expressed and purified PD-related mutants. J. C. L. conceived the idea for the project and wrote the paper with J. D. F. All authors approved the final version of the manuscript.
